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Introduction
Weak decays of hadrons containing a heavy quark [1] [2] [3] have proved to be important for at least two reasons. The first one is that these decays present the most direct way to determine the weak mixing angles and to test the unitarity of the Kobayashi-Maskawa matrix. Also, the CP violation outside the kaon system can be studied in these decays in a satisfactory way. The second reason is that by studying weak decays one can test our present knowledge of the QCD confinement inside hadrons.
Weak decays of charmed and bottom hadrons are particularly simple in the limit of infinite heavy quark mass. The inclusive decay rate is simply given by Γ(H Q ) = Γ(Q) , m Q → ∞ .
(
The meaning of Eq. (1) is that the decay rate of the hadron H Q , containing a heavy quark Q, is completely determined by the decay rate of the heavy quark itself, i.e. all charmed/beauty hadrons should have the same lifetimes. The fact that, for example, the ratio of a long-lived D + meson and a short-lived Ω 0 c baryon is about 20 [4] clearly shows that in a charmed family one is rather far away from the asymptotic limit in (1) .
In reality, hadrons are bound states of heavy quark with light constituents (light quarks, gluons). The inclusion of these soft degrees of freedom generates nonperturbative power corrections, an example of which is the destructive Pauli interference between the spectator light-quark and the light quark in D + meson coming from the decay of the heavy quark [5] [6] [7] .
The preasymptotic effects of this type are even more present in a charmed baryon decay, in which the heavy quark and its decay products interact with the light cloud containing two light quarks. These effects allow for both, the destructive and the constructive Pauli interference and also for the W -exchange contribution [8, 9] . All these contributions are suppressed by inverse powers of m Q .
During the last ten years much progress has been made in order to understand the operator product expansion, which is the basic framework for calculating inclusive decay rates [10] . The advent of the Heavy Quark Effective Theory ( HQET) [11] has substantially improved our understanding of underlying phenomena, especially when it was realized that HQET is merely a specific version of Wilson's operator product expansion (OPE) [12] . Constructing the OPE, one obtains inclusive decay rates as an expansion in m −1 Q . It is possible, at least in principle, to perform this expansion systematically -all terms up to m −3 Q are known at present. The OPE was originally formulated for deep Euclidean kinematics and, in this case, it clearly factorized perturbative physics (Wilson coefficients) from soft nonperturbative one (matrix elements). However, in weak decays, the large expansion parameter is the energy release rather than the Euclidean off-shellness. The OPE can still be used in calculating inclusive decay rates, provided one takes the full imaginary part [10] (this corresponds to all possible cuts of the diagrams). In the inclusive approach, one sums over all possible channels and integrates over some range of energies. Then, the results for the coefficient functions depend only on the short-distance dynamics -the obvious realization of quark-hadron duality. However, what we really use in our calculations is a 'practical' version of the OPE, i.e. we assume that the coefficient functions can be found perturbatively and all nonperturbative effects are left in matrix elements. In reality, nonperturbative effects are present even at short distances (coming, for example, from small-size instantons), and perturbative corrections to matrix elements are also present [10] .
Inclusive hadronic decay rates and lifetimes are calculated some time ago [6] [7] [8] [9] . It has been found that the overall picture for charmed hadron lifetimes is qualitatively satisfactory. Lifetime hierarchy has been predicted for charmed baryons [8, 9] , in qualitative agreement with present experiments [4] . It has also been shown [6, 7] that the Pauli interference essentially lengthens the lifetime of the D + meson, thus being the main source of the
The systematic OPE brings in extra operators of dimension 5, namely kinetic and chromomagnetic operators [13] . Their influence on charmed hadron lifetimes is rather moderate, because the main contribution comes from the four-quark operators. The overall picture that has emerged in the last few years is as follows: the OPE is expected to work much better for beauty quark decays than for charmed decays since m b > m c . Using the current quark mass, m c ∼ 1.4 GeV , the results for the charmed family are qualitatively good [1] , provided one introduces basically different wave function 'scales' for mesons and baryons. By different 'scales' we mean the assumption that terms of higher dimension in the OPE drive the asymptotic (static) value of the decay constant, F meson close to the smaller value of the physical decay constant f meson only in meson decays, whereas in baryon decays that is not the case. In beauty decays, although everything was expected to work much better because of the large b-quark mass, a number of problems has remained unsolved [2, 3, 14] . In the first place, it is the discrepancy between the measured average semileptonic beauty meson branching ratio, which is somewhat smaller than the theoretical prediction. Second, the observed difference of the lifetimes of the Λ b baryon and of the B meson is larger than expected. In view of these descrepancies, a radical phenomenological ansatz has been involved [14] with interesting consequences for charmed hadron decays. This approach, however, abandons the heavy-quark expansion and local duality, and requires the introduction [3] of a dominant destructive interference in the Ξ + c decay and destructive W -anihilation in D s decays -the requirements that could hardly be satisfied if the four-quark operators were a dominant source of preasymptotic effects.
Recently, Voloshin has shown [15] that preasymptotic effects are largely present in semileptonic decays of charmed baryons. The fact that the Pauli interference effect is presented not only in nonleptonic rates, but also in inclusive semileptonic rates was, interestingly enough, overlooked in previous calculations of Shifman and Voloshin [8] and Guberina et al. [9] . As pointed out by Voloshin [15] and Bigi [3] , these effects could have a significant impact on the lifetime hierarchy and semileptonic branching ratios.
In this paper we present detailed theoretical predictions on the Λ semileptonic branching ratios and lifetimes. The lifetimes have already been treated in [8, 9] . Here, we extend previous calculations, in which preasymptotic effects in nonleptonic decay rates were basically attributed to the Cabbibo leading operators of dimension 6. We make extension by including Voloshin's preasymptotic effects [15] in inclusive semileptonic decay rates. We calculate and add the Cabibbo subleading contributions since it was claimed in the literature [16] that they might be important in some cases owing to the statistical factors. We show that the constructive Pauli interference, which appears in the semileptonic Λ + c decay at Cabbibo subleading level, is welcome because it enhances the theoretical value which is otherwise too small. Finally, we show that the inclusion of Voloshin's large preasymptotic effects in semileptonic decays does not destroy qualitative hierarchy of lifetimes, but improves it both qualitatively and quantitatively.
Preasymptotic effects in inclusive decays
The inclusive decay width of a hadron H c , of the mass M Hc , containing a c quark can be written using the optical theorem as
i.e. as the forward matrix element of the imaginary part of the transition operator
The effective weak Lagrangian L ef f (x) is given [1, 3] as a sum of the semileptonic and nonleptonic part
The nonleptonic part is given as
where O ± are local 4-quark operators
qγ µ q, and V 's are the elements of the Kobayashi-Maskawa matrix. This form of the operators O ± has a multiplicative evolution under change of the renormalization scale, down to µ ∼ m c . The Wilson coefficients in the leading logarithmic approximation are given by
The quantities d − = −2d + = 8 are proportional to the anomalous dimension of the operators O − and O + . The semileptonic part of the weak Lagrangian is given by
In the following we assume that the energy release in the decay of a c quark is large enough so that momenta flowing through internal lines are also large and therefore justify the operator product expansion of the local operator (2). The result, widely discussed in the literature [1] [2] [3] We have included in the above expressions the phase space corrections F 1 (x) and F 2 (x), given by
where x = m s /m c . The semileptonic rate, as it has been shown by Voloshin [15] , gets important and large contributions due to the preasymptotic effects shown in Fig.1b . The result is given byΓ
Here, |ψ(0)| is the baryon wave function at the origin. κ is a correction due to the hybrid renormalization of the effective Lagrangian, and is given by
Hybrid renormalization is necessary since |ψ(0)| 2 is usually estimated in the effective quark models which are expected to make sense at the typical hadronic scales, µ = 0.5 ∼ 1 GeV . Therefore, it is necessary to evolve the effective Lagrangian from m c down to the scale µ.
Total semileptonic rate is given by
where
Here s 2 and c 2 are abbreviations for sin 2 θ c and cos 2 θ c , and θ c is the Cabibbo angle. We have kept the Cabibbo-suppressed contributions because the preasymptotic effects are expected to be very large, and, therefore they might be a significant correction to Γ dec SL (H c ). Also, we have introduced the parameter ξ which accounts for the fact that the matrix elements of the operator containing s quarks might be different from those containing u or d quarks,
where q is either a u or a d quark. SU(3) symmetry-breaking effects, measured by ξ are not expected to exceed 30%. It is very difficult to reliably estimate the value of ξ, although certain hints can be made using different hadronic models. For example, the hadronic models used in [9] would suggest ξ > 1, but in view of the fact that we lack reliable models such a conclusion might be premature. We shall not rely on such estimates in later discussions, but prefer to treat ξ as a fitting parameter. So far, only semileptonic branching ratio of Λ + c has been measured with reasonable accuracy
By inspection of Eq.(19) one notes that except for Λ + c , all baryons receive potentially large Voloshin's contributions at the Cabibbo-leading level. Therefore, one expects, as pointed by Voloshin [15] , significantly larger semileptonic ratio for Ξ 2 θ c , might be an important correction to the decay diagram. This is welcome, since the decay diagram is not large enough to explain the experimental branching ratio [21] .
The calculation of the nonleptonic decay rate closely follows the semileptonic ones. The lepton pair is substituted by a quark pair, and Wilson coefficients c ± change their values because of the renormalization. The contributions coming from the c-quark decay-type diagrams, 
The dominant contribution is expected to come from the preasymptotic effects, Fig. 2b,c,d . They are given as The result of the calculation of the nonleptonic rates is
Here we have not taken into account mass corrections, because they are completely negligible. By inspection of the results one sees that Cabibbo suppressed contribution only slightly changes the overall results. The right pattern depends on the value of m c and |ψ(0)| 2 . However, for κ = 1, the ratio of positive versus negative interference contributions is free of these uncertainties, and is given by
Sign in (25) is unambiguosly fixed, since c − > c + always holds, and ξ = 1 modulo SU(3) breaking. Obviously, Γ int + is always larger than Γ int − . This conclusion holds even if hybrid logarithms are taken into account. Therefore, the Γ int + will dominate the nonleptonic Ξ + c decay rate, as far as ξ ≃ 1. Since experimentally Ξ + c has the largest lifetime this rate should be relatively small. However, the overall size given by the value of |ψ(0)| 2 cannot be much smaller, otherwise the lifetimes of other charmed baryons would be too large.
For the determination of the baryon wave function we use estimates of the references [9, 1] , i.e the relation for the ratio of the squares of the meson and baryon wave functions |ψ
The above relation is derived using the constituent quark model developed by De Rujula et al. [22] . There appear 'effective' quark masses, m * c ≃ 1.5GeV , m * u ≃ 0.35GeV and quarks are bound by a nonrelativistic potential which is modified by hyperfine interactions.
The baryon wave function squared, |ψ Λc (0)| 2 , measures the probability for heavy c-quark and light d-quark to meat at one point, and the coordinate of the u-quark is integrated out. In the large m c limit, m c → ∞, one has
Taking m * c ∼ M D one gets
At this point we use the nonrelativistic relation between the meson wave function and the meson decay constant f D
with the hybrid anomalous dimension κ defined in Eq. (17) .
The following comments are appropriate here. The factor κ −4/9 is the effect of the hybrid renormalization which accounts for the fact that f D is 'measured' at the scale ∼ m c (κ = 1), and one has to evolve f D down to the hadronic scale µ = 0.5 ∼ 1GeV .
The physical value f D differs from the static value F D ; their relationship is given by
Following the approach of Ref. [1] , in Eq. (28) we shall use the static value F D instead of the physical decay constant f D for the reasons given below. This leads to
The importance of the value of |ψ Furthermore, we assume that higher dimension terms do not drastically modify the predictions obtained by using the static constant F D .
For meson decays, however, one should assume that the role of higher dimension terms is not negligible, and consequently, the physical (measured) constant f D should be used in calculations.
These are intuitive arguments [1] based on the fact that in meson decays one uses the factorization which necessarily brings into game the physical decay constant f D , whereas in baryon decays this is not the case. Since there is no proof of this ansatz, one should take it as an attempt to disentangle the overall normalization of the mesonic matrix elements from the baryonic ones. In fact, it is known from previous calculations that, for example, the destructive Pauli interference in the D + meson decay has reasonable values when the bag model wave functions are used [6] , while the charmed baryon hierarchy was qualitatively well described by using nonrelativistic quark models [9] . In other words, in order to achieve agreement with experimental data, different normalization of matrix elements had to be used for meson and baryon decays.
Semileptonic branching ratios and lifetime hierarchy -results and discussions
Our choice of 'central' values of parameters roughly follows the set of values of Blok and Shifman [1] . We use the value Λ QCD = 300 MeV , but give also the results for the value Λ QCD = 200 MeV in Table 1 . For Λ QCD = 300 MeV , the Wilson Table 2 . we show the results for m c = 1.35 GeV for comparison. There is a controversy [19] over the value of µ 2 π , which varies in the range [2] 
In our calculations we use the lower value, µ 2 π = 0.1 GeV 2 . However, we also check that the larger value µ 2 π = 0.5 GeV 2 only slightly changes the result in semileptonic branching ratios, but has almost no effect on lifetimes.
The chromomagnetic operator (12) 
The estimate (33) is obtained using the relation
and the mass difference is [22] Table 1 ). The same problem with Ξ + c persists if one calculates the ratio of lifetimes (in such a way significantly reducing the uncertainty coming from the wave-function value). However, the semileptonic branching ratio for Λ + c is in excellent agreement with the experimental value, showing clearly that preasymptotic effects of Voloshin's type, although at the Cabibbo suppressed level, significantly improve the theoretical value.
The right set of numbers in Table 1 is given for the smaller Λ QCD , Λ QCD = 200 MeV . The results are almost not affected except the Λ + c lifetime which grows by 20%, becoming so unpleasantly large. However, one should keep in mind that such modest discrepances are expected since in charmed baryon decays we are far away from the asymptotic limit (1).
In our calculations we have chosen m c = 1.4 GeV for the central value, following [1] . In Table 2 we display results of the calculations for the smaller value of the current quark mass, m c = 1.35 GeV . Again, the results are not very sensitive to this variation, although the agreement with experiment is slightly improved, especially In Table 3 we have presented the results of calculations for the specific choice of the parameter ξ, ξ = 0.75, compared with the results obtained for ξ = 1. As discussed above, we allow the ratio (20) to have a value different from 1, treating ξ as a free parameter. Fitting ξ roughly to the value needed to bring the Ξ 
with a central value given by (36).
It is interesting to note that the lifetime of Λ where a certain hierarchy of semileptonic BR's is strongly pronounced:
It is in the numerical range from 4.5 to 25 percent. We consider prediction (38) as a crucial test of the approach presented here, for the following reasons: Voloshin's interference effects, being proportional to |ψ(0)| 2 are necessarily large, because one needs a large |ψ(0)| 2 in order to reproduce experimental values of lifetimes. If one finds experimentally that all semileptonic BR's are of the order of BR SL (Λ + c ), this will mean that the interference effect in semileptonic decays is negligible, and that, therefore, the preasymptotic effects in (23) are unlikely to be responsible for the experimentally evident hierarchy of lifetimes.
In addition to this very clear prediction, Voloshin's interference effect helps to improve the theoretical value of the Λ + c semileptonic branching ratio. It appears at the Cabibbo suppressed level and acts as a correction to the main contribution coming from the decay diagram. It has been known for a long time that the quark decay mechanism (Fig.1a) cannot explain the semileptonic branching ratio of Λ + c , if one uses the current quark mass m c ∼ 1.4 GeV in (13) . An effective mass of the order 1.6 − 1.7 GeV is actually needed [1] [2] [3] 14] .
In Fig.8 we show the semileptonic branching ratio for Λ + c as a function of |ψ(0)| 2 , for two cases, namely with and without finite α s -corrections. It is quite clear that the interference effect is welcome, because it brings the theoretical value close to experiment. Let us make the following comments. In all calculations, presented in Tables 1-3 , the finite α s -corrections have not been taken into account because they are not known for all kinds of preasymptotic contribution. However, the right figure in Fig.8 shows the semileptonic branching ratio with finite α s -corrections included. Obviously, without the interference effect the theoretical value is outside the experimentally allowed region.
Conclusions
In this paper we have performed an analysis of inclusive semileptonic branching ratios and lifetimes for the charmed baryon family. New ingredients in this analysis are the inclusion of preasymptotic effects in semileptonic decays and the inclusion of Cabibbo suppressed contributions. In the calculations we have used the input parameters determined by QCD, thus following the approach of Blok and Shifman [1] , i.e. we have avoided the introduction of "effective" parameters, such as effective charmed quark mass, effective hadron mass instead of quark mass, etc. In this way we have tried to test quark-hadron duality using our present knowledge of OPE and QCD up to the level of introducing the baryon wave function, |ψ ii) The change in semileptonic decay rates which is due to interference effects significantly helps to obtain very good qualitative and even quantitive results for the lifetimes with the same hierarchy
as predicted in [8, 9] . The predicted lifetime of Ξ + c appears to be somewhat smaller than the experimental value. We do not consider that as a problem, since we are far away from the asymptotic limit and it would be premature to expect that higher order terms in OPE are really negligible. iii) Concerning the results as obtained and shown in Tables 1-3 , one may conclude that quark-hadron duality works suprisingly well for the charmed baryon family.
Considering the OPE as an expansion in powers of m −1 c would suggest that quark-hadron duality should not work well, since, after all, corrections are even larger than the 'leading' quark-decay contribution. However, in our opinion, it is possible that such a simple conclusion should be changed owing to some effects that are dynamical in origin. For example, it is well known that in using the large N c expansion systematically one has to correct simple large N c limits for the large logarithmic terms, etc.
After completion of this work we have learned of a recent paper of Cheng [23] where Voloshin's type of corrections were considered in a different context, in a more phenomenological way, introducing the effective charmed-quark mass, substitution of the universal quark mass by the particular physical hadron mass, etc. We believe that our results, compared with the results of Cheng [23] , are more consistent and more reliable.
